Background: Cerebral small vessel disease (SVD) induces vascular cognitive impairment (VCI) such as subcortical vascular dementia (SVaD) and subcortical vascular mild cognitive impairment (svMCI). We compared MRI parameters between SVaD and svMCI and determined which MRI parameters best correlated with cognitive function and disability on cross-sectional and longitudinal analyses within them. Methods: Twenty-four patients with SVaD and twelve with svMCI were recruited. They underwent multimodal MRIs including fluid-attenuated inversion recovery lesion load, lacunar infarct number, and fractional anisotropy (FA) and mean diffusivity (MD) from diffusion tensor imaging (DTI), neuropsychological testing, Sum of Boxes of Clinical Dementia Rating Scale (CDR-SB), Barthel Index, and the Korean version of a Geriatric Depression Scale (GDS-K). Seventeen patients were retested after 20 months for a brain MRI and clinical evaluation. Results: There were significant differences in average MD and peak height of MD histograms within normal-appearing brain tissue (NABT) between SVaD and svMCI patients. In the cross-sectional analysis, average MD within NABT significantly correlated with the composite neuropsychology score (r = -0.80, p < 0.001), the composite executive function score (r = -0.67, p < 0.001), and the CDR-SB (r = 0.54, p = 0.001), and the Barthel Index correlated with peak heights of the MD histograms (r = 0.37, p = 0.03) in NABT. Changes of CDR-SB was associated with changes of average MD within WMH (r = 0.57, p = 0.02), and changes of GDS-K was associated with changes of WMH volume (r = 0.51, p = 0.04) on a longitudinal scale. Conclusions: DTI parameters in NABT correlated with cognitive impairment and disability in VCI associated with SVD. Clinical progression of SVD was associated with some increment of WML volume and ultrastructural changes in WMH.
INTRODUCTION
Cerebral small vessel disease (SVD) is the most frequent cause of vascular cognitive impairment (VCI) [1, 2] and induces subcortical vascular dementia (SVaD) and mild cognitive impairment (MCI) associated with SVD [3] [4] [5] . Some researchers have called MCI associated with SVD as subcortical vascular MCI (svMCI) [5] . Cognitive syndrome observed in cerebral SVD is a loss of executive function and mild memory deficits [3, 4] . Cerebral SVD is also associated with a decline of motor performances, depressive symptoms, and urinary disturbances [6] . The neuroimaging correlations of cerebral SVD include ischemic white matter hyperintensities (WMHs), lacunar infarctions, and microbleeds [7] . [8] [9] [10] . Executive dysfunction in cerebral SVD did not correlate with the volume of WMHs but correlated with diffusion tensor imaging (DTI) parameters of fractional anisotropy (FA) and mean diffusivity (MD) in the previous cross-sectional studies [10, 11] . A 2-year follow-up study in cerebral autosomal-dominant arteriopathy with subcortical ischemic leukoencephalopathy (CADASIL) detected that change in MD correlated with changes in clinical scores [12] .
In the study, T2-lesion volumes correlated with clinical parameters in baseline analysis, but that changes in T2-lesion volumes did not correlate with changes in clinical scores. However, there were no correlations between changes in the DTI parameters and the clinical scores in a 1-year follow-up study of sporadic SVD [11] . Also in the study, no changes were found in cognition or disability over the 1-year follow-up. A one year follow-up might be too short to detect some clinical change in sporadic SVD because of its slow progression. Previous studies also reported that ultrastructual abnormalities of normal appearing brain tissue (NABT) have a strong effect on cognitive function, whereas MD or FA within WMHs has no direct impact on it [10, 13, 14] .
There are few studies comparing MRI findings between SVaD and svMCI. A recent study did not show significant differences of WMH volume and DTI parameters between SVaD and vascular cognitive impairment no dementia (VCI-ND) associated with SVD [15] . The sample size might be too small to detect some change in DTI parameters between SVaD and VCIND associated with SVD in the study.
The aims of this study were to compare MRI parameters between SVaD and svMCI and to determine which MRI parameters best correlated with cognitive function and disability on cross-sectional and longitudinal analyses in VCI associated with cerebral SVD. Scale (CDR-SB) [23] and a Korean version of the Geriatric Depression Scale (GDS-K) [24] were also used to assess all participants at both time points. The Barthel Index was recorded as a measure of disability at both time points [25] . The study protocol and informed consent form were reviewed and approved by the institutional review board at Inha University Hospital. Prior to participation in the study, the patients gave their written informed consent to participation in the study.
METHODS

Subjects
MRI acquisition
Imaging was performed using a 1. 
Image analysis and postprocessing
T1-weighed image pre-processing
The native T1-weighted MRIs were normalized into a standardized stereotaxic space using a linear transformation and corrected for intensity nonuniformity [26] . We calculated brain volume using the brain extraction tool [27] . The registered and corrected volumes were classified into white matter, gray matter, cerebrospinal fluid, and background using an advanced neural-net classifier [28] . The classified white matter regions were used in the WMH mask extraction step.
WMH mask extraction
A mask of regional WMHs was created using a pre-developed automated pipeline [29] . We first extracted WMHs candidate regions using the tissue classified volumes in order to avoid false positive findings in WMHs segmentation associated with the nuisance factor such as hypersignals in the subarachnoid space and brain-CSF interface on FLAIR images. [30] .
DTI pre-processing and histogram analysis DTI data was processed using the FMRIB Software Library 
Assessment of conventional MRI ischemic lesions
MRIcro (http://www.mricro.com) was used to view the imaging results. The volumes of the WMH on the FLAIR images were measured using the Medical Image Processing, Analysis, and Visualization (MIPAV) (http://mipav.cit.nih.
gov/). Lesion volumes were measured on FLAIR. A cursor was placed within each visible lesion and the software then automatically outlined the lesion using fixed intensity thresholds that were the same for all subjects. All regions were checked visually to ensure that they matched the visible extent of lesions. Total lesion volumes were calculated by summing all the areas measured and multiplying by the slice thickness.
The total volume of the WMH on the FLAIR images was measured twice in each patient, and the average value was used in the analysis. Percentage lesion volume was determined as a ratio of lesion volume to total brain volume.
One neurologist blinded to clinical information counted the total numbers of lacunar infarctions. Lacunar infarction was defined as a small lesion less than 15 mm in diameter with a low signal on T1-weighted images, a high signal on T2-weighted images, and a perilesional halo on FLAIR images [31] .
Visual rating of medial temporal lobe atrophy
Medial temporal lobe atrophy (MTA) was assessed visually by a neurologist who was blinded to the diagnosis and age of the subjects after a series of training sessions [32] . The T1 coronal images were used for the visual assessment and left and right MTA were rated separately. The degree of MTA was rated from 0 (no atrophy) to 4 (severe atrophy). The average value of left and right MTA in each patient was calculated and used in the analysis.
Statistical analysis
To calculate the composite neuropsychology score and the composite executive function score, we used a z-score for the neuropsychological measures. These scores were based on the means and standard deviations of each measurement in the age-and education-matched control group. A z-score defines where a score falls in the distribution of scores for normal subjects; a z-score of + 2.0 corresponds to a score that is 
RESULTS
Demographic and clinical characteristics
The demographic and clinical characteristics of the subjects are listed in Table 1 . The mean age of the subjects with SVaD was significantly higher than that of the subjects with svMCI (76.9 ± 6.3 years vs. 72.0 ± 6.1 years, p = 0.03). The mean K-MMSE score was significantly lower in the subjects with SVaD compared with those with svMCI (14.2 ± 5.8 vs.
22.2± 5.1, p< 0.001). There were no significant differences in education, sex, and the prevalence of hypertension, DM, hypercholesterolemia, and hypertriglyceridemia between SVaD and svMCI groups.
Comparison of MRI indices between SVaD and svMCI
The percentage lesion volume, the number of lacunes, MTA score, and DTI parameters of the SVaD and svMCI groups are listed in Table 2 . The average MD in the NABT was significantly higher in the SVaD group compared with the svM-CI group. The peak height of MD histogram in the NABT was significantly lower in the SVaD group than that of the svMCI group. There were no significant differences in the parameters of the FA histogram within NABT between the two groups. In contrast, there were also no significant differences in percentage lesion volume, the number of lacunes, MTA score, and DTI parameters in the WMH between the two groups.
Cross-sectional results
Correlations of each MRI parameter with cognitive measures, CDR-SB, GDS-K, and the Barthel Index are shown in Table 3 . The composite executive function score significantly correlated with average MD (r = -0.67, p < 0.001) and peak 
Longitudinal results
There were no differences in baseline demographic characteristics between those who attended at both time points and those who dropped out. Fifteen (62.5%) patients with SVaD and four (33.3%) of svMCI dropped out (p= 0.10).
The mean clinical scores and MRI characteristics obtained at baseline and at follow-up are shown in Table 4 . At followup, CDR-SB had deteriorated when compared with baseline.
No significant changes of any clinical characteristics were found. The percentage lesion volume had significantly increased. Also, average values and peak locations of MD histograms in NABT had significantly increased (Fig. 1 ). In contrast, no significant changes of any MRI characteristics were found.
To assess how consistently imaging and clinical measures deteriorated over time, we calculated the proportion of subjects in whom the measures in Table 4 worsened. Worsening was defined as a deterioration of clinical scales, an increase in percentage lesion volumes, an increase in average MD, peak locations of MD histograms and peak heights of FA histograms, and a decrease in peak heights of MD histograms, average FA, and peak locations of FA histograms. As shown in Table 4 , the proportion of those who had worsened was gen- FA is a measure of the directionality of diffusion and a marker of white matter tract damage and MD is a measure of the extent of diffusion and is sensitive to white matter ultrastructural damage [11] . MD histogram broadening and the There were no significant differences in the number of lacunes, WMH volume, and parameters of MD and FA histograms in WMH, but significant differences in average MD and peak height of MD histogram within NABT between SVaD and svMCI patients. MD histogram broadening and the consequent decrease of the peak height is the result of fewer pixels with normal MD values [33] . Therefore, this finding suggests that the number of pixels with normal MD values in NABT is lower in the SVaD group compared with the svMCI group. It suggests also that damage to white matter projections is an important mechanism of cognitive impairment in cerebral SVD, and is consistent with the ''disconnection'' hypothesis of cognitive impairment [10] . The difference of DTI parameters in NABT between SVaD and svMCI groups might be the result of coexistence of Alzheimer pathology in SVaD. In a previous study, about 30% of SVaD patients had Alzheimer pathology [35] . The value of MTA was not different between the two groups in this study. Therefore, the difference of DTI parameters in NABT between the two groups might be mainly associated with the disconnection of white matter tract due to cerebral SVD. In a recent study, SVaD and svMCI did not differ significantly with respect to parameters of MD and FA histograms in whole brain white matter as well as normal appearing white matter [15] . However, the number of SVaD patients was very small in their study. This may reflect that diffusivity is relatively constant in white matter, whereas FA values vary widely, depending upon whe- start earlier than progression of cognitive impairment or disability, and be more sensitive to detect some progression of cerebral SVD in comparison to a cognitive test or disability scale [11] .
In this study, the change of percentage lesion volume correlated with the change of GDS-K. However, there was no correlation between changes of T2-lesion volumes and clinical scales in a longitudinal study of the patients with CADA-SIL [12] . In their study, they did not measure brain atrophy [12] . Brain atrophy might counteract lesion growth. [12] . In their study, they used MD histograms of the whole brain in the analysis and did not separate WMH and NABT to get MD histograms.
Our study has a possible limitation of a small sample size, which might result in too small power to show a significant difference. Although cognitive impairment is found in many patients with cerebral SVD, the rate of cognitive decline and progression of frank dementia is slow [35] . Therefore, the follow-up time of 20 months might be too short to detect structural and clinical progression of cerebral SVD in this study.
Also many patients did not attend the follow-up evaluation.
The drop-out rate in the patients with SVaD (62.5%) was higher in comparison to svMCI group (33.3%). Therefore, a selection bias may have affected this study. Because of the dropout of the patients with severe cerebral SVD, changes of clinical and imaging parameters might be minimal. There was also a limitation that evaluation of Alzheimer's disease biomarkers was not done in this study.
In conclusion, DTI parameters in NABT were correlated with cognitive impairment and disability in cerebral SVD.
Clinical progression of SVD was associated with some increment of WML volume and ultrastrucural changes in WMH.
To our knowledge, this is the first study to formally address significant correlations between longitudinal changes of quantitative MRI metrics and changes of clinical scales in patients with sporadic SVD. In the future, a study with a larger sample size and a longer follow-up period is needed.
